Abstract. Mercury (Hg) transport in natural environments is of concern because Hg bioaccumulates in the food web. Particularly methyl-Hg is the form of Hg of major concern as it is highly toxic to humans and is ingested through food consumption, dominantly fish. Quantification of Hg mass loads in watersheds draining Hg mine districts allows (1) the identification of sources of contamination, (2) the evaluation of the effect of Hg on the environment, and (3) the identification of processes affecting Hg transport. This study focuses on the determination of Hg loads in the Paglia River, which drains the Hg district of Monte Amiata (Italy), world's 4 th largest Hg producing district. Mass loads were determined for total Hg, particulate Hg, and dissolved Hg. Data obtained from two sampling campaigns carried out in 2011 indicated that up to 34 g/d of Hg were transported during the rainy season, of which up to 99% was as particulate Hg. Maximum Hg loads were related to runoff from the Abbadia San Salvatore mine (ASSM), and thus, this mine is the main source of Hg to the Paglia River basin. Data indicate that particulate Hg has been deposited along with river sediment, forming a natural sink where resultant chemical reactions promote conversion of Hg from particulate matter to dissolved Hg. These results suggest that mining of Hg has affected this area. Even today, 30 years after the cessation of mining, considerable amounts of Hg are continuously transported downstream from mined areas by local rivers.
Introduction
In mining districts, quantification of metal loadings to streams is particularly important, because it offers the opportunity to identify contaminant sources, and to assist in decisions about remediation of contaminated areas. Among metals, Hg is of particular concern in natural environments because methyl-Hg, an organic form of Hg, is a neurotoxin (USEPA, 1997) . In Hg mining districts worldwide, large quantities of Hg are transported by streams, mostly as particulate Hg; for example, particulate Hg loads are estimated as high as 1500 kg/y for the Isonzo River (Idrjia Hg mine, Slovenia; Širka et al., 1999), 4-30 kg/y for the Guadalupe River (New Idrija Hg mine, USA; Thomas et al., 2002) , and up to 98 kg/y for the Sacramento River (California Coast Ranges mines, USA; Choe et al., 2003) . The volcanic edifice of Monte Amiata (Central Italy) hosts the 4 th largest Hg producing district (about 102,000 t of Hg) worldwide, which is part in the circum-Mediterranean Hg belt. As a consequence of this widespread natural ("geogenic") Hg anomaly, Mediterranean fish have been reported to contain higher Hg concentrations than fish in the Atlantic Ocean . The Mediterranean basin is then an important site to study Hg geochemistry and mass loadings. Mining of Hg has affected the Monte Amiata area, as there has been considerable transport of Hg downstream to the Paglia River (Rimondi et al., 2012) , which flows into the Tiber River (Fig. 1) , the main river of Central Italy. Furthermore, mine wastes containing significant Hg concentrations were discarded near mined areas and are widespread in the region, representing an additional source of Hg to the environment. Presently, Hg loads discharged by the Tiber River have not been determined. Therefore, the aim of this study was to (1) quantify the mass load of Hg in the Paglia River, and (2) 
Materials and Methods
The amount of Hg entering a stream is defined as mass loading, and is calculated as the product of Hg concentration and stream discharge measured simultaneously. Combination of stream flow longitudinal profile and spatially related samples of stream chemistry (Hg concentrations) allows the calculation of mass loading profiles. Hg mass loadings were determined in four sites along the Paglia River ( Fig. 1): (1) one site upstream ASSM, which is a "background" site for the Amiata region (Pagliola Monte, PM); (2) two sites located just downstream ASSM, in order to quantify the mass loads of runoff from the ASSM (Pagliola Valle, PV, Paglia Casetta, PC); and (3) one at the end of the Hg district (Paglia Allerona, PA), which was collected to account for all Hg runoff from the southeastern part of the Monte Amiata district (Fig. 1) . In this study, two sampling campaigns were conducted, one during the rainy season (March 2011), and one in the dry season (September 2011) in order to measure Hg fluxes in these two seasons. Unfiltered and filtered (0.45 µm) water samples were collected in order to determine, respectively, total Hg (THg) and dissolved Hg (DHg) forms. Ultraclean protocols were employed during sampling and sample preservation. Particulate Hg fraction (PHg) was obtained by the difference between total Hg (particulate + dissolved) and total dissolved Hg.
In order to determine metal mass loads, accurate measurements of water discharge are required. Traditional flow measurements are made using flow meters, which can be applied for smooth river beds. Tracer dilution methods (Kimball, 1997) are commonly used for mountain creeks because much of the water flows through the stream cobbles, preventing measurement by a flow meter. In this study, both methods (meter and tracer) were used for PM, PV and PC sites, characterized by stream-like channel bottoms, while at PA the discharge was measured by the Istituto Idrografico Regionale of Umbria using a magnetic flow meter. At this site, the great width of the river prevented the use of the tracer dilution method. Dilution measurements were made by the injection of a specific tracer (NaCl). Conductivity curves were reconstructed in the field with two electrical conductivity meters for each sample site. Specific calibration constants for each sample site and conductivity measurements were obtained in the laboratory through the analysis of chloride by ion chromatography. Equations based on the mass balance principle were then applied to compute the stream discharge, expressed as the average of the values obtained by the two salt curves.
As no water was found during the September field campaign at site PM, there are no data for this site for the dry season.
Results
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Water discharges calculated from tracer dilution are commonly higher than those obtained by flow meter (Kimball, 1997) . In this study, differences between these techniques ranged from 12 to 39% with a mean of 25 ± 11%. As discharges calculated by tracer-dilution were considered more reliable in this study, mass loads were calculated using tracer-dilution measurements, and thus, represent the maximum estimated Hg loads in the basin.
Mercury mass loads were calculated for total Hg, dissolved Hg and particulate Hg during the rainy and dry seasons (Fig. 2) . In the rainy season, total Hg load reached as much as 34 g/day for site PV, while similar, but lower loads, were found at PC and PA. Hg load at PM was two orders of magnitude lower than at the other sites (Fig. 2) . For all sites, Hg fluxes were higher during the rainy season. Considerable differences were observed for sites PM, PC and PA, showing September Hg loads as one to two orders of magnitude lower than during March. In the dry season, the Hg load at PV was comparable (24 g/day), albeit lower, to that of the rainy season (34 g/day). Data indicate that particulate matter Hg load represents the largest part of total Hg flux (Fig. 2) , ranging from 67 up to 99% of the total. These data likely indicate that Hg transport was dominantly as Hg attached to suspended particles. Downstream from the ASSM (PV site), transported load of total and particulate Hg decreased with increasing distance from the mine (Fig. 2) . Specifically, a considerable decrease in Hg load was found between sites PV and PC, while a more gradual decrease was measured between PC and PA (Fig. 2) . Dissolved Hg only accounted for small percentages of the total Hg load (1-33%). The maximum dissolved Hg load was reported for site PA during the rainy season (4 g/day), while dissolved Hg was less than 200 mg/day during the dry season (Fig. 2) . Nevertheless, different from the other Hg species, the highest quantities of dissolved Hg were found at PA (4 g/day), the furthest site from ASSM, during the rainy season.
Discussion
Quantification of Hg loadings along Paglia River has shown that a significant amount of Hg is transported by surface water as a result of runoff from ASSM. This finding is supported by elevated Hg loads at site PV, located 5 km downstream from the ASSM, and this mine supplies 100% of the total Hg budget to the basin. Furthermore, a progressive decrease of Hg load was observed with increasing distance from ASSM, suggesting deposition of Hg (total and particulate forms) along the river course. Thus, Hg supply to the Paglia River is mainly a result of past mining activity developed in this area until the end of 1970s, and particularly from the ASSM. Data collected from site PM, located upstream from ASSM, indicates minor Hg runoff and transport from background areas. The load of 0.6 g/day Hg was measured at site PM and is the regional background flux of Hg. The presence of Hg bearing rocks and potentially undiscovered cinnabar deposits leads to high background Hg in the Monte Amiata area.
Significant variations of Hg loads observed between dry and rainy seasons suggest the importance of surface runoff associated with heavy winter rain as the major factor promoting the mobilization of Hg from the ASSM to the Paglia River basin.
Data suggest that (1) Hg-rich sediment is supplied to the Paglia River in the rainy season as a result of runoff from the ASSM, (2) during low water flow in the dry season, this sediment is deposited in the basin and acts as a Hg sink, and (3) Hg is again resupplied and resuspended in the Paglia Basin in the following rainy season. Furthermore, data show that Hg is dominantly transported on suspended particles in the Paglia River, a finding previously reported in other mining districts worldwide (Faganeli et al., 2003) . The decrease of total particulate loads between sites PV and PC is likely due to deposition of particulate Hg along this section of the river, which is influenced largely by reduced water flow resulting from the decreased hydrological gradient between these two sites. 
E3S Web of Conferences
Deposition of suspended sediment with attached Hg significantly reduces the load of Hg transported downstream from the PV site. River sediment rich in Hg is chemically reactive, and data suggest conversion from particulate Hg to the more mobile dissolved Hg. This conclusion is supported by the higher dissolved Hg load found at site PA. Dissolved Hg species are readily available for methylation reactions, which potentially increases the bioavailability of methyl-Hg in the Paglia River. Accordingly, methyl-Hg has been recently reported in sediment and water of Paglia River (Rimondi et al., 2012) , suggesting that this Hg organic compound is actively formed in this ecosystem.
Conclusions
Using tracer injection and water sampling, loads of Hg along the Paglia River were quantified. High loads of Hg are found to be a result of runoff from the ASSM, the most important Hg producing mine in the Monte Amiata district, as Hg load profiles substantially decreased downstream from the mine area. In the Monte Amiata Hg district, elevated Hg loads were found to be associated with particulate Hg even three decades after the end of mining, a finding common to other mining districts worldwide (Faganeli et al., 2003; Gray et al., 2000) . Results from this study may be useful for watershed remediation planning in this area. Moreover, the presence of dissolved Hg species in the Paglia River should be monitored by local agencies for environmental protection as they could promote active formation of methyl-Hg.
